BMR and DEE may be thought of as the relationship between readiness and action, and it has become an issue of central importance to understanding organismal design and function.
The metabolic rates (both BMR and DEE) of ectotherms and endotherms provide a striking contrast in energetic physiology. According to the "aerobic capacity" hypothesis (Bennett and Ruben 1979; Taigen 1983) , the evolution of endothermy and high levels of sustained activity in birds and mammals was accompanied by an increase in the capacity of aerobic pathways of metabolism and in the organ systems (digestion, respiration, circulation, and excretion) that support this capacity. The cost of maintaining this capacity may manifest itself in the minimum, or basal, metabolic rate. If the aerobic capacity hypothesis were correct, basal and active metabolism should be correlated among both ectotherms and endotherms as well. Supporting data come from several studies. For example, among a sample of anuran amphibians, maximum metabolic expenditure during activity was correlated with the minimum metabolic rate (Walton 1993) .
Researchers (King 1974; Drent and Daan 1980) have observed that DEE during periods of high energy demand (such as provisioning large offspring in birds and lactation in mammals) averages about four times BMR. This multiple has been suggested (Drent and Daan 1980) to represent an optimum sustainable metabolic rate or working capacity, beyond which further exertion would be detrimental to parental survival. Thus, BMR may represent the cost of maintaining either the metabolic capacity to make energy available for daily activities or the tissues that produce the metabolic demands of activity. This idea comprises a variety of physiological limits to energy production or demand. For example, it has been suggested that variation in BMR may represent differences between species in the ability of the digestive tract to assimilate the nutrients and energy substrates needed to support the metabolism of the active organism (Kirkwood 1983; Karasov and Diamond 1985; Weiner 1989 Weiner , 1992 Peterson et al. 1990; Konarzewski and Diamond 1994) .
Measurements of DEE (or FMR) have accumulated at a rapid pace recently
owing to the application of doubly labeled water techniques to estimate metabolic rates of animals in natural settings (Nagy 1987) . These studies have revealed that the ratio of DEE to BMR varies widely: values reported in the literature for birds feeding large chicks and for lactating mammals extend between two and seven (Birt-Friesen et al. 1989; Weathers and Sullivan 1989; Peterson et al. 1990; Bryant and Tatner 1991; Koteja 1991) . This range of values calls into question the idea of a maximum working capacity that is closely tied to BMR.
The hypothesis that DEE is causally related to BMR could be rejected if these variables were not correlated after the allometric relationships of both measures to body size had been removed. In one study (Daan et al. 1990 ), BMR and DEE of 26 species of bird were analyzed, and the residuals with respect to body mass of the log-transformed values of BMR and DEE were found to be positively correlated (r = 0.45, P < .025). Measurements of DEE came from published doubly labeled water studies of parent birds feeding dependent chicks. A broader study of the relationship between DEE and BMR in birds and mammals was undertaken (Daan et al. 1991) and found significant correlations between the resid-uals of DEE and BMR in both groups. The bird data included the 26 species analyzed earlier (Daan et al. 1990 ) and two additional species representing new data. The mammal data included 15 species ranging from the 6.5-g Pipistrellus pipistrellus to the 2.4-kg Marmotaflaviventris. The correlation between the residuals of DEE and BMR in mammals had a value of r = ^0.52 (P < .05), and the regression of the residuals of DEE on those of BMR had a slope of about 0.5. Koteja (1991) applied a similar analysis of residuals to the relationship between BMR and DEE (FMR), finding a weak correlation (r = 0.23, P < .02, n = 23) among birds engaged in reproduction (generally, feeding offspring) and a strong correlation among eutherian mammals (r = 0.83, P < .001, n = 18). However, noting the absence of such a relationship among marsupial mammals, songbirds (Passeriformes), and seabirds when each of these groups was considered separately, Koteja (1991) concludes that "the assumption that BMR is a reliable index of energy expenditure of free-living animals does not have a strong backing in the experimental data available so far." Maximum cold-induced metabolism and BMR have been shown to be correlated in a sample of rodent species (Hinds and Rice-Warner 1992) but not among 12 species of shrews (Soricidae) (Sparti 1992) . Hayes et al. (1992) found no correlation between BMR and cold-induced maximum metabolic rate within populations of deer mice (Peromyscus maniculatus). In addition, neither measure of metabolism was correlated with litter size, offspring mass, or total litter mass (Hayes et al. 1992) , suggesting a general independence of life-history traits and metabolic capacity within a species, which is also consistent with comparisons among species of mammals (see ).
How we interpret the results of these analyses depends on whether values of DEE represent comparable measurements of maximum sustainable metabolic capacity. Variation among individuals within populations (Bryant and Tatner 1991) and modest increases in DEE in response to increased brood size (Masman et al. 1989; Dijkstra et al. 1990; Bryant and Tatner 1991) suggest that birds may have considerable reserve capacity (Diamond and Hammond 1992) for DEE. Additional doubt about the consistency of the relationship of FMR to maximum sustainable metabolic capacity is raised by studies such as that of Hayes (1989) , who found that measured values of FMR in deer mice were closer to maximum cold-induced metabolic rates in high-elevation populations than in low-elevation populations.
THE FUNCTIONAL RELATIONSHIP BETWEEN DEE AND BMR
How one interprets correlations between DEE and BMR depends on how these variables are functionally related to each other. If DEE were simply the sum of BMR and metabolic expenditures for activity (i.e., DEE = BMR + ACT), then DEE and BMR would not be strictly independent variables from a statistical point of view. That is, variation in BMR would produce correlated variation in DEE. This point raises a concern over the appropriate null hypothesis against which to test observed correlations between DEE and BMR.
The relationship between DEE and BMR may be represented by two fundamentally different models of metabolism. One of these, which we call the "shared The other possibility is the "partitioned pathways" model, which presumes that BMR and metabolic expenditures for activity (ACT), including thermoregulation and other non-"basal" sources of energy demand, are products of different metabolic pathways that add to produce the total metabolic rate of the organism.
That is, BMR remains unchanged in the active state. Basal and activity-induced metabolism could be correlated if the pathways responsible for BMR are in some way scaled to match those that produce ACT, perhaps because the physiological processes that result in BMR directly support the capacity of the organism to sustain activity. According to this perspective, the processes responsible for BMR continue to function in the active individual; DEE is then the sum of BMR and ACT, and the appropriate null hypothesis is rACT.BMR = 0. As we shall show below, these two null hypotheses can differ considerably, which could affect how we interpret the relationship between DEE and BMR.
Correlation between DEE and BMR also might be generated by the way we parameterize these variables. Because both DEE and BMR are related to body mass, the accepted practice is to remove this influence by calculating the residuals of BMR and DEE from their allometric (log-log) regressions on body mass.
Clearly, if variation in body mass among species or other units of comparison includes components that contribute little to metabolic function-such as white fat, plumage or pelage, and skeleton-this variation in mass will produce correlated variation in the residual values of DEE and BMR. So will errors in estimating body mass. A final consideration is phylogenetic relationship. Because many of the species included in comparisons are close relatives, each is not a strictly independent sample of the relationship between DEE and BMR when common phylogenetic origin produces historic effects (Felsenstein 1985; . Statistical inference requires independent sampling, and it is therefore important to analyze comparative data with methods, such as that of calculating phylogenetically independent contrasts (PIC), that attempt to guarantee statistical independence .
In this article, we reanalyze the relationships between DEE and BMR in birds and mammals in the context of these considerations of structural and statistical independence of the variables and phylogenetic independence of the sampling units, and we consider the implications of measurement error for observed correlations. In brief, we find evidence for a relationship between DEE and BMR to be weak or lacking in birds but strong in mammals. We hypothesize that the correlation between DEE and BMR in mammals results from correlated variation in metabolic intensity of tissues rather than in the proportion of metabolically To analyze the relationship between DEE and BMR, the allometric (log-log) regressions of both variables on body mass were determined (Daan et al. 1990 (Daan et al. , 1991 Koteja 1991) , and then the correlation between the residuals of individual measurements from each of these regressions was calculated. ) with respect to BMR is zero. In another study (Daan et al. 1991) , d and b were related with a slope of 0.48 ( + 0.20 SE), which did not differ significantly from a slope of 0.25-0.33 but did differ at the P = .05
level from a slope of zero. The DEE-BMR relationship obtained earlier (Daan et al. 1991) for mammals also had a slope of approximately 0.50. Koteja (1991) did not report the slope of this relationship for mammals, but from his figure 2 it would appear to be close to unity. Clearly, the statistical significance and biological interpretation of the DEE-BMR relationships among birds and, perhaps, among mammals may depend on which null model is adopted. NOTE.-Assume dee = bmr + act; ractbmr =; act =3bmr; b = O Sb; a = 0.5 Sa (n= 1,000); s is the SD, and r is the correlation coefficient. See text for details of variables; single-letter variables are log transformed; three-letter variables are antilogs of log-transformed variables.
Noting that SACTrACT.BMR = COVACT.BMR/SBMR, we can then write S BMR + S ACTrACT BMR (9) rDEE . BMR -S DEE Thus, when rACT.BMR = 0, the measured variables DEE and BMR will exhibit a correlation of rDEE.BMR = SBMR/SDEE. This is the appropriate null hypothesis for the partitioned pathways model.
Most analyses of the relationship between DEE and BMR are based on residuals of log-transformed variables, and so the null hypothesis under the assumption DEE = BMR + ACT (i.e., rACT.BMR = 0) is rdb < Sb/Sd. This follows because, owing to log transformation, SbISd > SBMR/SDEE; to the degree that DEE is ap imately a multiple of BMR, SDEE iS increased by the same factor relative whereas Sd is not increased relative to Sb* In order to examine the likely range of rdb for realistic values of Sd and Sb' we performed simulations in which samples of values of a and b were generated as uncorrelated random normal deviates with means of 0.5 and 0 (thereby differing by a factor of 3.16) and standard deviations of Sa and Sb equal to 0.10, 0.15, or 0.20. Nine sets of 1,000 values were generated, one for each combination of values of Sa and Sb. These values were then used to calculate d, bmr, act, and dee, and the correlations rdee.bmr and rdb (table 1) apply. This conclusion would not be valid, however, when BMR and ACT were negatively correlated, for example, because of different relative sizes of organs that contributed differentially to BMR and ACT. The primary lesson to be gained from considering comparative analyses of BMR and DEE in this way is that correlations can provide relatively little information about the relationship between active and resting metabolism but can help focus other kinds of investigations into metabolic processes.
-DATA ANALYSES
Metabolic Relationships in Birds
Previous studies (Daan et al. 1990 (Daan et al. , 1991 (for eq.
[10], F = 952, df = 1,26, P < .0001, r2 = 0.973, Sb = 0.109; for eq.
[11], F = 733, df = 1,26, P < .0001, r2 = 0.966, Sb = 0.121; for eq.
[12], F -408, df = 1,26, P < .0001, r2 = 0.940, Sb = 0.159). In this analysis, rab = 0.201 (P = .31) and rdb = 0.447 (P = .017). The degrees of freedom used to calculate statistical probabilities of correlations between residuals were not reduced by the degrees of freedom used in the calculations of residuals from allometric regressions, and so P values for correlation coefficients should be interpreted conservatively. Even if one accepts that rdb > 0, whether this result supports a relationship between activity metabolism and basal metabolism depends on whether the appropriate null hypothesis is closer to rab = 0 or to rdb = 0. Thus, according to the null hypothesis rab = 0, we estimated rdb = 0.243/0.940 = 0.26, from which the observed value of rdb does not differ significantly. Therefore, the bird data are marginally supportive of a relationship between DEE and BMR in a shared pathways model but not in a partitioned pathways model, in which DEE = BMR + ACT.
Analysis of Phylogenetically Independent Contrasts
The metabolic data available for birds are not widely representative and include several pairs of close relatives (congeners). Phylogenetic relationships of these species based on the DNA hybridization studies of Sibley and Ahlquist (1990) are depicted in figure 1. Within this diagram, species with, for example, high residuals of BMR (b > 0.05) appear to be clustered (regressions not shown).
Phylogenetic effects can be removed from correlations among taxa by calculating phylogenetically independent contrasts, provided that the evolutionary model is correctly specified and that the phylogeny is known without error (Felsenstein 1985; Garland et al. 1992) . In this analysis, contrasts were calculated by the phenotypic diversity analysis programs software described by Garland et al. (1993) . Within-genus contrasts were deleted from the analysis because we had to arbitrarily set branch lengths for three of four of these (Sibley and Ahlquist [1990 did not include both members of these pairs in their analysis), and two of these (Hirundo and Pygoscelis) produced conspicuous outlier values for standardized contrasts owing to their having been standardized by small branch lengths. Thus, the total data set consisted of 23 (i.e., n -1) independent contrasts. Following 3). The latter value does not differ significantly from the correlation coefficient of 0.45 obtained elsewhere (Daan et al. 1991) . The phylogenetic contrasts are not inconsistent with either null hypothesis (rab = 0 or rdb = 0) and fail to support the idea that metabolic expenditures for parental activity are correlated with basal metabolic rates.
Metabolic Relationships among Mammals
We tabulated DEE and BMR for 33 species of mammals; the data were obtained from previous studies (Daan et al. 1991; Koteja 1991; Karasov 1992 (Daan et al. 1991) , according to the DNA hybridization studies of Sibley and Ahlquist (1990) . The scale represents the difference between the melting point temperatures of the DNA hybrids formed within taxa and those formed between taxa in opposite branches derived from a node.
These branch lengths were used to compute Felsenstein's (1985) independent contrasts.
Open circles indicate species with low residuals of BMR (b < -0.05); solid circles, species with high residuals (b > 0.05) (log-log regressions not shown).
(DEE), and 0.68 (ACT) (table 3). Residuals d and a were strongly correlated with b (rab = 0.60, rdb = 0.75), with regression slopes not differing from unity (table 4) .
In an ANCOVA, D and B had parallel regression slopes (interaction F = 2.3, df = 1,62, P = . Because no phylogeny comparable to that of Sibley and Ahlquist (1990) for birds exists for mammals, we constructed a phylogenetic tree from the hierarchical classification of mammals in Wilson and Reeder (1993) , based on subclass, order, family, subfamily, genus, and species, with additional information from several phylogenetic analyses included to resolve polytomies ( fig. 4) . We report the results for phylogenetically independent contrasts, assuming a gradual model of evolution and with contrasts standardized by the square root of the branch lengths shown in figure 4 . NOTE. -B and A are log-transformed basal and active metabolism; D is log-transformed daily energy expenditure. Body mass was log transformed to calculate the regressions. All regressions are significant at P < .0001; RMSE, square root of the residual mean square error; ox, intercept of regression; , slope of regression. NOTE.-d is the residual of log-transformed daily energy expenditure from its regression on log-transformed body mass; a is the residual of log-transformed activity metabolism. All regressions are significant at P < .0001. punctuated evolution without standardization of contrasts by branch length, produced similar results, as did the use of major-axis rather than least-squares regression to calculate residuals (LaBarbera 1989). Thus, the relationship between DEE and BMR-statistically nonsignificant in birds-appears to be very robust in mammals.
DISCUSSION
Our analyses failed to detect a relationship between basal metabolism (BMR) and metabolic expenditure for activity (DEE or ACT) within a sample of 28 NOTE.-Data were log transformed. All values are contrasts. B and A are basal and active metabolism; D is daily energy expenditure; M is mass; capitalized variables are based on log-transformed measurements; lowercase variables are based on residuals from the regressions of the variables on mass. RMSE is the square root of the mean of the squared deviations of data about the regression. Nodes N (Taimias vs. Marmota) and K (Tamiasl Marmota vs. SpermophiluslAmmospermophilus) were marked outliers and were not included in the analyses. Retaining these nodes reduced the correlations between metabolism variables and mass but increased rd.b and ra.b. The correlations between the residuals of DEE and BMR obtained in this study for mammals would require variation in the proportion of a metabolically inert component equivalent to a standard deviation of 0.1 log10 units, or a coefficient of variation of about 25%. We think it is unlikely that variation of anywhere near this magnitude exists in our data set. However, although it would seem that the DEE-BMR correlation results from correlation in the metabolic intensity of BMR and DEE in certain tissues rather than the proportions of tissues having higher or lower metabolic intensity, the latter possibility should be investigated directly.
Measurement Error
Our analysis may have lacked sufficient power to resolve a relationship between DEE and BMR in birds. Measurement of BMR and, especially, DEE is subject to considerable error and perhaps variation between studies, which could obscure any relationship between the two (Riska 1991) . In addition, when one includes values of BMR and DEE from different studies, different metabolic states of the subjects (Bennett 1987; Hayes and Chappell 1990) may reduce the correlation between these variables. In an attempt to circumvent this latter problem, Koteja (1991) analyzed a subset of data for reproducing birds in which both BMR and DEE were measured in the same study (n = 15), but these did not significantly improve the relationship between d and b (r = 0.44, P = .10; not significantly different from the correlation within the larger sample).
We examine the influence of measurement error and individual variation on the correlation between two variables in greater detail in the appendix and conclude that such factors are not responsible for the differences observed between birds and mammals. is rdb = 0; according to the partitioned pathways model, it is rab = 0. The data available for birds allow one to accept either null hypothesis; those for mammals clearly reject both null hypotheses. Thus, our analysis strongly suggests that there is a fundamental difference in the energetic physiology of birds and mammals. Daily energy expenditure and BMR ought to be correlated when BMR is related to the capacity of the organism to metabolize energy at a sustained rate. In this case, BMR is the metabolic requirement of maintaining tissues and organs either involved in or in support of the higher level of metabolic work, whether these comprise the digestive organs, which make energy available to the organism; the heart, liver, kidneys, and other organs that take care of transport, various biochemical transformations, and excretion of waste products; or the effector organs, principally skeletal muscles, that are directly involved in activity and are responsible for much of the daily energy expenditure of active organisms (cf. the aerobic capacity model for the evolution of endothermy; e.g., Bennett and Ruben 1979; Taigen 1983; Hayes and Garland 1995; Ruben 1995) .
Some components of BMR clearly are replaced by DEE and thus have no independent meaning in the active organism. For example, circulation of blood requires activity by the heart muscle, albeit at different levels, in the resting and active states. Other components of BMR may be shut down during activity. For example, in birds ventilation by the lungs in the resting organism is accomplished by thoracic muscles, whereas during flight ventilation is accomplished by the powerful contractions of the pectoral muscle's (Butler et al. 1977; Butler 1981) . I is also possible that certain maintenance activities-such as production of blood repair, and protein turnover-occur primarily during the resting phase and are shut down during periods of activity. Finally, a third set of components of BMR may persist relatively unaltered during activity. For example, a large part of BMR is devoted to maintaining ion gradients and electrical potentials in tissues of the body that must continue during periods of rest and activity alike. Thus, there appears to be good reason to believe that BMR and ACT are partly structurally independent and that the appropriate null model for testing the relationship between metabolic expenditures during rest and activity lies between rab = 0 and rdb = 0 Basal metabolic rate and sustained metabolic activity need not be correlated if BMR is related to the maximum short-term energy expenditure of the individual rather than its sustained metabolic capacity. Because organisms do not use their full metabolic capacity most of the time, which in birds may be 8-15 times BMR during flight (Torre-Bueno 1978), DEE may be inappropriate for testing a relationship between BMR and metabolic capacity. Although DEE and maximum shortterm energy expenditure in activity might be correlated, any relationship between these two measures would be obscured by variation in the time-activity budgets of organisms. In this event, the postulated relationship between BMR and activity might be correct, while measurements of DEE use an unsuitable time frame for detecting this relationship, particularly in birds. In this case, metabolic rate during short periods of intense activity may provide an appropriate basis for comparison.
An analysis by Koteja (1987) failed to find such a relationship, however. Koteja examined the relationship between BMR and maximum short-term metabolic rate during exercise (EM) in 18 species of mammal. He removed the influence of body size by examining the residuals of the logarithms of BMR and EM from the regression of each of these quantities on the logarithm of body mass. In Koteja's study, the correlation between the residuals of EM and BMR (r = -0.14) did not differ significantly from zero (P > .5).
Over broad taxonomic comparisons, for example, between mammals and reptiles, BMR and DEE clearly are related (Bennett and Ruben 1979; Hulbert and Else 1981; Pough 1983; Taigen 1983; Karasov and Diamond 1985) , as they were among mammals in this study. The pathways of causation are, however, less apparent. In the transitions from reptiles to mammals and birds, striking increases in metabolic rate were achieved by increases in aerobic capacities (Bennett and Ruben 1979; Else and Hulbert 1985; Hulbert and Else 1989) . Differences among birds or mammals are smaller and more difficult to characterize by correlation analysis. It has been shown (Daan et al. 1990 ) that BMR is statistically related to the relative sizes of the heart and kidney in birds. Nevertheless, these organs are so small (3%-5% and 2%-4%, respectively, of lean dry body mass) that, in spite of their high metabolic activity (Field et al. 1939; Martin and Fuhrman 1955; Scott and Evans 1992) , variation in the size of these organs alone cannot likely account for the observed variation in BMR among species. McNab (1994) related the low BMR of flightless birds to the reduced size of the flight muscles, even though "basal" metabolic rates of muscle tissue, measured from tissue slices, are much lower than those of brain and visceral tissues (e.g., Scott and Evans This content downloaded from 129.125.148.19 on Mon, 12 Nov 2018 12:34:44 UTC All use subject to https://about.jstor.org/terms 1992). Thus, it would appear that the relative sizes of these organs belong to a suite of characteristics associated with differences in BMR. Furthermore, this variation evidently results from differences in the intensity of metabolism (W g-1) rather than the relative sizes of organs having high basal metabolic rates.
We cannot determine whether this suite of characters is associated with long-term sustained levels of activity or with maintaining a capacity for shorter periods of intense activity.
The idea of a close relationship between sustained and basal metabolic rates appears to be true for mammals but not for birds, although phenotypic responses in maximum cold-induced metabolism apparently are paralleled by changes in BMR in birds (e.g., Dawson et al. 1983) . Possibly, mammals exhibit greater physiological variation than do birds (e.g., McNab 1986 McNab , 1988a McNab , 1988b Bennett and Harvey 1988) , which makes it easier to detect a relationship between DEE and BMR statistically. When metabolism is adjusted for body mass, values vary almost twice as much among species of mammals as they do among species of birds.
Nonetheless, our analysis of error variation suggests that because the relationship between DEE and BMR is so strong in mammals, it seems unlikely that its absence in birds results from a lack of adequate variation.
Alternatively, birds and mammals may differ in some fundamental physiological attribute that affects the relationship between DEE and BMR. An obvious one is that the energy delivered to young mammals (embryonic nutrition and lactation) is produced by the metabolic activity of the mother; indeed, the rate of energy metabolism during lactation may be the maximum metabolic capacity of the adult. This factor could result in a closer coupling of DEE and BMR than one observes in birds. Accordingly, one would expect the metabolic expenditures (DEE) of birds to be lower on average and more variable than in mammals because DEE of birds would be limited by factors other than metabolic capacity. However, neither is true. In addition, if BMR were adjusted with respect to DEE, then one would expect a parallel relationship between the two measures regardless of their absolute values.
Comparing D and B with M as a covariate, ANCOVAs revealed that the slopes of the two regressions did not differ in either mammals (interaction F = 2.3, df = 1,64, P = .13) or birds (interaction F = 0.5, df = 1,52, P = .47), with common slopes of 0.748 (?+ 0.047 SE) and 0.673 (?+-0.033 SE), respectively. The standard deviations of observations about the regression lines were greater in mammals (0.194 logl0 units) than in birds (0.119); the elevations of DEE above BMR in mammals (0.461 + 0.047 SE; factor of 2.89) and birds (0.530 ? 0.033 SE; factor of 3.39) did not differ significantly (standard errors overlap). Furthermore, the logarithm of the ratio of DEE to BMR was slightly higher and slightly less variable in birds than it was in mammals (table 6) . Thus, these data do not support the idea that mammals work closer to their metabolic capacities than do birds, on average, although metabolic capacity is not precisely defined, nor is it known how well it is measured by DEE. In addition, recent work on effects of the combined metabolic stresses of lactation and cold on laboratory mice has demonstrated that metabolic outputs in response to each of these stresses are additive rather than complementary and that each of these stresses increases the ratio of DEE to BMR . In these studies, energy expenditure appears to be limited by the tissues that produce metabolic demand rather than by the acquisition of energy by the organism, and DEE and BMR are at least partially decoupled (see also McDevitt and Speakman 1994a, 1994b) .
Another explanation for the presence of a DEE/BMR correlation in mammals and its absence in birds would be that BMR parallels the maximum power output of the individual rather than its sustained output and that birds are more variable than mammals in the proportion of DEE contributed by periods of maximum power output. If this were true, one would expect the ratio of DEE to BMR to be more variable in birds than in mammals. In fact, however, the opposite is true: the standard deviation of D -B is 0.117 for birds and 0.145 for mammals (table 6) .
CONCLUSIONS
Although the different relationships of sustained metabolic expenditure to basal metabolic rates in mammals and birds add what may be an important observation to the phenomenology of metabolism, fundamental understanding of the nature of basal metabolism and its relationship to daily energy expenditure continues to be elusive. Where should we go from here? Additional correlational studies are unlikely to help without specific, detailed hypotheses and accompanying experimental studies of energetics on the tissue level as well as on the organism level. Studies by Hayes (1989) , Hulbert and Else (1989) , Joos and John-Alder (1990) , and Walton (1993) provide models for such work. Lindstrom and Kvist (1995) have examined the relationship between BMR and the food-processing capacity of the gut by measuring maximum gross energy intake rates (GEIR) during premigratory fattening in passerine birds. These rates were higher (5.4BMR) than values of DEE typical of birds feeding large offspring (3.4BMR) (table 6). The correlation between GEIR and BMR, based on an analysis of residuals of 22 species, was 0.43 (P = .024), which was close to the DEE/BMR correlation reported elsewhere (Daan et al. 1990 ). Presumably, GEIR measures gut function rather than energy expenditure, and so the appropriate null model is rGEIR. or, alternatively, thyroxine causes the scaling up of metabolism in the same way that activity does (shared pathways model).
In the final analysis, we must also consider why it is that we care so much about BMR. Basal metabolism is convenient to measure, and values are available for hundreds of species of birds and mammals. Therefore, BMR provides us with a rich phenomenology. Perhaps-, however, BMR encompasses so many different processes that its components cannot be sorted out practically by comparative and experimental analyses of organismal function. If this were true, then such "higher-level" studies might best be used to point out interesting directions for reductionist work. The marked difference between the metabolic relationships within birds and mammals would seem to be a good starting point.
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APPENDIX MEASUREMENT ERRORS
We assume that the observed value X of one variable is equal to its true value x plus some error mx. We suppose that x has variance uF2 and that mx has variance 2 . Similarl Y = y + my and y and my have variances uy and umyo, respectively. Now, the observed correlation between X and Y may be estimated by PxY = Pxy (FA+ y (Al) [(ur + r2) Thus, a decrease in the variation of either x or y without a decrease in the error variance will reduce the correlation of X and Y. In the present analyses, variation in x refers to variation among species. Sources of error variance are measurement errors, including differences in measurement techniques between studies, and variation among individuals within species. Some insight into the magnitude of these sources of variation may be gained from the following considerations. The confidence limits (2 x SD) of individual measurements of DEE in Leach's storm petrel (Oceanodroma leucorhoa) have been estimated to be approximately +60% and -40% ). These numbers correspond to a standard deviation of logl0-transformed values of approximately 0.1 log10 units. Because sample sizes in studies of DEE are often on the order of 4-25 individuals, standard errors of estimates (log10 transformed) may thus be on the order of 0.02-0.05 log10 units (SD/<V). By comparison, for the bird data used in this analysis, the standard deviations of b and d (i.e., among species) were 0.11 and 0.12 log10 units.
To evaluate the variation in DEE measurements resulting from differences among individuals within samples, we tabulated coefficients of variation in DEE within 13 representative samples of doubly labeled water estimates of daily energy expenditure (table Al). Coefficients of variation (CV) ranged from a low of 8% to a high of 29% with a median of 15%. The CVs were then divided by the square root of the sample size (n) to obtain what we call the coefficient of error (CE = SE/X), which ranged between 2.5% and 10.3% with a median of 4.8%. The CE provides an estimate of the variation in the mean, hence of the error associated with the estimate of the mean value for the population. The value of 4.8% is equivalent to a standard error of logl0-transformed values of about 0.02 {[logl0(1 + CE) -logl (1 -CE)]/2}. This is similar to the lower estimate of 0.02 obtained from the analysis of errors in individual measurements (see above), suggesting that much of the individual variation for estimates of DEE represents measurement error.
If the standard deviation of metabolic rates among species of birds were on the order of 0. 115 log10 units, and the measurement error of individual values were 0.021, the standard deviation of the true value of the metabolic rate would be on the order of 0.113 = In contrast to the effect that measurement error in BMR and DEE has in reducing their intercorrelation, error in measuring body mass M increases this correlation owing to its parallel effect on the residuals of BMR and DEE for each species. To gain some idea of the magnitude of this effect, let us assume CD, CB = 0.10, PDB = 0.5, nmD ' UnmB = 0.02, and PiDM, PiBM = 0.7. Now, for values of crM = 0.01, 0.05, 0.10, 0.15, and 0.20, rdb = 0.483, 0.490, 0.536, 0.647, 0.748, and 0.820 . In the last three cases, the observed values of Cd and gb were 0.124, 0.146, and 0.173. Thus, for measurement error to seriously bias one's estimate of PDB, rn,M must be on the sam as cB and CD, in this example representing a CV in M of about 23%. In addition, for error in estimation of M to account for the higher values of rdb, Cd, and gb in mammals compared to birds, 0nM for mammals would have to exceed that for birds by 0.15-0.20.
To illustrate this point, let us assume that PDB = 0 and cB, CD (including error) = 0.08.
In this case, 0mM = 0.10 would yield Cd, cb = 0.11 and rdb = 0.43, which resembles the values observed for birds, and rnM = 0.20 would yield Cd, crb = 0.16 and rdb = 0.75, which resembles the values observed for mammals. In our opinion, however, it is highly unlikely that errors in measuring metabolically active mass should be so large.
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